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Artificial photosynthesis system to realize Solar overall water splitting has
been regarded as sustainable and renewable solution for energy and envir-
onmental issues. While artificial photosynthesis system (efficiency of 12.4%)
greatly exceeds efficiency of natural photosynthesis, yet such high efficiency
needs multiple, 2 or more light absorbers to achieve, total photovoltage above
1440 mV. In this report, we demonstrate visible light active Single light
absorber -2 photons to 1 hydrogen (S2) overall water splitting via
photovoltaic-electrochemical system that can be achieved by single junction
solar cell, composed with CsPbBr; (band gap of 2.3 eV) solar cell with open
circuit voltage larger than 1600 mV can power up water electrolyzer cell and
achieves Solar to hydrogen efficiency of 1.7% with confirmed H, gas genera-
tion. Operating point shows possible STH of 5.0%. This result demonstrates its
prospective on efficiency increment (max 12%) and Technoeconomic analysis
(modest cost of 5.5 $/kg of hydrogen) in near future, as benchmark for S2 PV-
EC system.

Solar overall water spitting (SOW) has been regarded as an ideal way to
harvest and store solar energy into clean and CO, neutral reaction'>.
Overall water splitting can be described as simple formula.

Overall water-splitting reaction:

2H,0) — 2Hyq) + Oy (E® =1.23 Vyyp) )

Including overpotential for reaction, which is ~200 mV for oxygen
evolution reaction (OER) and ~15 mV for hydrogen evolution reaction
(HER) @ 2 mA cm™ (current density that can be presumed to generate
0, and H, with agreeable Faradaic efficiency (FE)) if state of art elec-
trocatalysts are used*, overall water splitting takes more than 1440 mV

to conduct (onset potential wise, 200 mV for Ir and 10 mV for Pt)*, if
electrolysis approach is taken. Regardless of the systems used for
SOW, this requirement is commonly applied that light absorber(s)
must achieve photovoltage (Vpn) above 1440 mV to conduct the
reaction. Solar-to-hydrogen efficiency (nsry) can be described by
below formula’®

Jgc *(1.23)xnf

Nsth = )
{ Protal

:| AM1.5G

where Jsc is the short-circuit photocurrent density (mA cm™) or rate of
H, production converted to a current density, nr is the Faradaic
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efficiency of H, production (usually ~-100%), and Pro is the solar
incident irradiance intensity (100 mW cm for air mass (AM) 1.5 G).

To achieve SOW, various strategies are taken into consideration,
for 5 decades of research effort have been invested for photocatalysis
(PC, nst 0.65% AlSITiOs° for S2 and 1.2% for BiVO4/Rh:SrTiO5),
photoelectrochemical (PEC, nsty 3.0% BiVO,/Cu,0’, 6.2% BiVO,/PSC?,
19% GalnP/GalnAs’) and photovoltaic-electrochemical system (PV-EC,
30% for triple junction n IlI-V-2 PEM™, 20% for PSC/Si"), the spectrum
of approach has been widened which depends on what type of light
absorber is used. Thus, the role of the light absorber is the most
important for realizing SOW, while water electrolysis (with various cell
types) is a more established technology with a wide choice of materials
(noble metals represented by Ir, Ru, and Pt, transition metal-N/P/S and
Se etcetera)'>"”.

As noted above, it is seldom achieved that single light absorber—2
photons to 1 hydrogen (co called S2, theoretical nsty~12%) based
system and the state of art efficiency is rather low (0.65%). In the
meantime, dual light absorbers—4 photons to 1 hydrogen (D4, theo-
retical nsty~24%) and even triple light absorbers—6 photons to 1
hydrogen (T6, theoretical nsty - 20%) are rather commonly reported
and efficiency, as marked above, is well established, from 10% to 20%
for PV-EC depending on PV used for the system'*". As marked and
demonstrated by Sayama and Miseki'*™®, the realization of different
systems besides highly efficient D4 overall water splitting, but diver-
sifying light utilization system (number of light absorbers) and sorts of
redox reaction (such as H,0, which has very different energy
requirement and reaction kinetics than overall water splitting), can
perhaps hasten the realization of feasible solar fuel production.

Technoeconomic analysis (TEA) of SOW with various materials
and scenarios*®?° showed that there are three major factors—(1) life
span of system (>10 years), (2) nsty (5-20% for different systems) and
(3) cost of the entire system that is involved in the production of
hydrogen, the so-called levelized cost of hydrogen (LCOH) which is the
major metric for SOW for commercialization. While a life span of 10
years has never been achieved, what has been regarded factor was
nstr/cost of device balance that expensive light absorbers present
high nsty but with poor LCOH value (above 10$/kg). The analysis
showed that LCOH with feasible value often comes out from a system
using multijunction light absorbers>**,

While in multijunction, even though the light absorber compo-
nent was one, sty of 3.4% was achieved by using an expensive IlI-V
InGaN photocathode®, which is the only one report using S2 system
with efficiency above 1.0% to the best of our knowledge, plus with
visible light activity. Despite this demonstration, a true single n-i-p
junction to conduct S2 OWS was never achieved with efficiency
above 1.0%.

The key may lay on recent innovation made for lead halide per-
ovskite light absorbers with a combination of cation/Pb/halogen
anions have shown drastic improvement in performance, achieving
26.5% PCE with open-circuit voltage (Voc, same as Vpp) of 1192 mV>.
Indeed, SOW could be achieved by lead halide perovskite solar cell
(PSC), a pioneering work presented by Luo et al. to show 2 series
connected MAPbI; (st 12.3%)%, followed by realizing 2jn PSC/Si (7sth
19%)* and the most elegant and effective 2jn PSC (17sty 13.1%)” was
demonstrated. (discussion made in Supplementary Fig. 2).

On top of such high efficiency, one of the biggest strengths of lead
halide perovskite for solar energy conversion and especially for solar
fuel generation is band gap tunability by controlling the composition
of the anion (CI/Br/l) that subsequently enlarges band gap from
MAPbI; (1.5 eV), if more Br or Cl ratio is increased, thus V,,, achievable
from PSC is increased from 1100 mV to larger value. For solar cells with
a single light absorber, the ideal band gap is 1.3-1.4 eV, As the band
gap of the light absorber increases over 1.4eV by compositional
engineering® the solar cell can only absorb a shorter wavelength of
visible light, which leads drop in photocurrent. Despite this severe loss

of photocurrent, wide band gap PSCs are still worth studying, due to
their higher Voc. As summarized in Supplementary Fig. 1 and Supple-
mentary Table 1, the narrower band gap perovskites show high effi-
ciency but low V¢, while the wide band gap perovskites exhibit higher
Voc due to the capability of absorbing high photon energy. There is a
very interesting one which is wide band gap perovskite light absorbers,
one represented by MAPbBr; and CsPbBr; could achieve above
1600 mV and PCE above 10% for both n-i-p and p-i-n structure, which
is unpresentedly high Vo for PV devices™.

In this report, we demonstrated a single junction solar cell pow-
ered PV-EC SOW, with a modest nsty of 1.7% for confirmed H,/O, gas
evolution for 3h of stability, even for monolithic cells working
immersed in water. Technological difference between previously
reported Halide perovskite light absorber-based solar water splitting
(end product: hydrogen) was described in Supplementary Figs. 2, 3.
Following analysis such as theoretical nsty of ~12% reachable by using
CsPbBr; (2.2-2.3 eV) and modest value of LCOH of 5.5$/kg also support
that our demonstration should present a promising scenario for SOW
technology.

Results
CsPbBr; perovskite solar cells
For PSC to provide electrical power in PV-EC system, we chose all-
inorganic CsPbBr; instead of MAPbBr;, because MAPbBr; is well-
known for its inferior stability owing to its unstable methylammonium
cation®. Prior to the test of the whole PV-EC system, a brief analysis of
only PSCs was carried out with the device structure of FTO/c-TiO,/
SnO,/CsPbBr3;/PTAA/Mo0Os/Au (Fig. 1a). In Fig. 1b, the cross-sectional
scanning electron microscopy (SEM) image represents sequential
deposition of the CsPbBr3; PSC. Based on the fact that metal carbonate
salts can enhance the performance of the PSC by adjusting band
alignment, we tested Li,CO5 on the TiO,/SnO, electron transport layer
(ETL) to achieve sufficient Voc*. We referred to a study performed by
J.Y. Kim et al., which demonstrated that metal carbonate salts can
enhance the performance of the PSC by adjusting band alignment®. To
achieve sufficient Vo, we tested Li,CO3 on the TiO,/SnO, electron
transport layer (ETL) and the corresponding energy diagram of the
PSCs was depicted in Fig. 1c. The conduction band minima (CBM) and
the valence band maxima (VBM) of ETL and CsPbBr; films were cal-
culated from the ultraviolet photoelectron spectroscopy (UPS) mea-
surements (Supplementary Figs. 4-7). We predicted the Voc loss of
PSC with Li,CO; treatment shown to be reduced since the CBM of SnO,
gets closer to that of CsPbBr; after the treatment. The device perfor-
mances are shown in Fig. 1d, e and Supplementary Table 2. The PSCs
with Li,COj3 treatment exhibited a higher Voc 0f 1.50 V than the pristine
one with a Voc 0f 1.37 V, while both devices show the almost same PCE.
Although we achieved a champion V¢ of 1.63 V during device opti-
mization (Supplementary Fig. 8), the corresponding device exhibited
poor Jsc, leading us to exclude it from the following experiments.
For deeper investigation of this phenomenon, transient photo-
voltage (TPV) and transient photocurrent (TPC) measurement for the
devices (Supplementary Fig. 9). The increase of photovoltage decay
time from 4.393 to 6.335ps after Li,CO; treatment indicates the
reduction of recombination rate, due to the elimination of oxygen
vacancies of SnO, and reduced charge accumulation by band rear-
rangement, which is consistent with Voc improvement. Photo-
luminescence measurement of CsPbBr; film showed increased PL
intensity for the Li,CO; treated film, which indicates reduced recom-
bination of photocarriers (Supplementary Fig. 10). Meanwhile, the
increased decay time of photocurrent from 0.8405 to 1.317 ps after
Li,CO3 treatment indicates hindered charge extraction by the insu-
lating Li,CO5 layer which gives rise to low short-circuit current density
in operating conditions. We further tested other types of alkali metal
carbonates (Na,CO3, K,CO3, Rb,CO3, and Cs,CO3), but none of them
showed higher Voc than the one treated with Li,CO5; (Supplementary
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Fig. 1| Characteristics of the CsPbBr; PSCs. a Configuration, b cross-sectional
SEM image and c energy diagram of the CsPbBr; PSCs. d Performance comparison
and e Vo distribution of the CsPbBr; PSCs without (black sphere) and with (red

sphere) Li,COj3 treatment. fIPCE measurement (black circle) and integrated Jsc (red
line) of the Li,CO; treated CsPbBr; PSC.

Fig. 11). The Mott-Schottky plot reveals the highest built-in voltage of
the Li,CO; treated device, in agreement with the UPS measurements
(Supplementary Fig. 12). Considering overpotential required in PV-EC
configuration, solar cells with higher Voc are preferred, for which
Li,CO5; was used in our every following experiment. The operating
prediction in Supplementary Fig. 13 shows the advantage of a higher
Voc over a higher Jsc. In Fig. 1f, incident photon to current efficiency
(IPCE) measurement for the Li,COj; treated solar cell showed a calcu-
lated Jsc of 5.69 mA cm™2, which verifies the Jsc obtained from the J-V
curve not to be overvalued. The V¢ of Li,CO; treated PSC exceeds the
minimum value of 1.44V required in the overall water-splitting reac-
tion, which satisfies the condition to electrolyze H,O into O, and H,
with this single-junction solar cell. Please note that the Vo of our
device is not the highest level, but a comparable value with recently
reported results (Supplementary Fig. 14, Supplementary Tables 3, 4).

We also fabricated a MAPbBr; PSC to compare with a CsPbBr; PSC.
The performance of the MAPbBr; PSC and CsPbBr; PSC is shown in
Supplementary Fig. 15. In our case, the MAPbBr; PSC had an inade-
quate Voc of .40 V for SOW even though it exhibited a much higher Jsc
of 7.04 mA cm™ than the CsPbBr; PSC with Jsc of 5.63 mA cm™. Pho-
tostability for both PSCs was measured under 1 sun irradiation in
ambient air without encapsulation (Supplementary Fig. 16). As
expected, the MAPbBr; PSC underwent fast degradation of PCE. On the
other hand, the CsPbBr; PSC maintained more than 70% of initial PCE
after 150 h, suggesting that CsPbBr; perovskite is suitable for water
splitting system rather than MAPbBr; perovskite.

Single junction PV-EC with CsPbBr; perovskite solar cell

To realize PV-EC system, EC was composed of an anode and cathode
for water oxidation and reduction. For the anode, IrO,/Ti foil, NiFeO,/
Ni foil, or NiFeO,/Ni foam were used while for the cathode, Pt/Ti foil,
Pt/Ni foil or Pt/Ni foam were used. Basic characterization was done for
those materials to confirm the morphology and chemical state of that
catalyst on various substrates (Supplementary Figs. 17-19 for SEM,
Supplementary Fig. 20 for XRD, and Supplementary Figs. 21-23 for
XPS). IV curve of a combination of IrO,/Ti-Pt/Ti and NiFeO,/Ni + Pt/Ni
foil or foam showed that both combinations could achieve overall

water splitting with current density over 1.0 mA/cm? @ 1.50 V versus
counter electrode (CE) with two electrode configuration (Supple-
mentary Fig. 24), thus powering this electrolyzer can be possible with
solar cell with Voc over 1500-1600 mV. Figure 2a shows the schematic
and energetic configuration of a single light absorber—2 photons for 1
hydrogen molecule PV-EC system. The performance of CsPbBr; PSC
with an active area of 0.135 cm? showed V¢ of 1550 mV and PCE of
6.5%, which agrees with the one tested as a PV device only. This Voc was
enough to power up alkaline EC whose onset potential in two electrode
modes was 147V (IrO,/Ti-Pt/Ti), 1.42V (NiFeO,/Ni foil-Pt/Ni foil),
140V (NiFeO,/Ni foam-Pt/Ni foam), versus counter electrode
(Fig. 2b). Operating point of CsPbBr3 PV with three different EC was
1.63 mA/cm? (IrO,/Ti-Pt/Ti), 3.50 mA/cm? (NiFeO,/Ni foil-Pt/Ni foil),
4.07 mA/cm? (NiFeO,/Ni foam-Pt/Ni foam). This value can be calcu-
lated to nsty of 2.0%, 4.3%, and 5.0%.

More accurate performance can be measured by /V curve of
CsPbBr; PV connected to electrolyzers, (Fig. 2¢, b, d) 2.0 mA/cm? (IrO,/
Ti-Pt/Ti), 2.5 mA/cm? (NiFeO,/Ni foil-Pt/Ni foil), 2.74 mA/cm? (NiFeO,/
Ni foam-Pt/Ni foam). This value can be calculated to sty of 2.0%, 3.0%
and 3.4% for alkaline EC if FE is 100% for hydrogen production.

To confirm the effectiveness of CsPbBr; PSC for SOW system, we
also measured two electrode response of IrO,/Ti-CsPbBr; PV con-
nected as working electrode, so voltage saving by CsPbBr; PSC can be
directly reflected to electrochemical cell. Since highly porous elec-
trode such as Ni foam can present a lot of capacitive current (Sup-
plementary Figs. 25-28)*. During measurement of PV-EC, CsPbBr; PV
showed slight degradation of V¢ of 50 mV (Supplementary Fig. 29),
short term stability could be achieved for the most active combination
of PV-EC (Supplementary Fig. 30), we intentionally picked IrO,/Ti and
Pt/Ti as standard data, observation and discussion about this can be
found in supplementary information. In Fig. 2¢c, IrO,/Ti WE showed
onset at 1.41V versus CE, while IrO,/Ti-CsPbBr; PV WE showed onset
potential at —0.11 V versus CE, which is 1520 mV shift of onset potential.
If current density of 2.0 mA/cm? generated at 0.0 versus CE for PV-EC
system does not contain capacitance current which does not con-
tribute to O, and H, production, it is safe to conclude that current
density at 0.0 V versus CE results nsty value of 1.7%. Such discrepancy
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Fig. 2 | Single light absorber—1 photon electron overall water splitting (S2) via
single junction (I1jn) CsPbBr; PV-alkaline electrolyzer. a Schematic, b operating
point prediction of PV and EC, /V curve in two electrode configuration—working
electrode with or without PV and counter electrode: ¢ working electrode: NiFeO,/Ni
foam, counter electrode: Pt/Ni foam, d working electrode: NiFeO,/Ni foil, counter
electrode: Pt/Ni foil, e working electrode: IrO,/Ti, counter electrode: Pt/Ti. PV pho-
toactive area 0.135 cm?, electrocatalyst: 1.0 cm? for anode and cathode each. Scan

speed for electrocatalyst: ¢ 1mV/s, d 20 mV/s and e 10 mV/s each. PV-EC was mea-
sured with 20 mV/s. f IPCE of CsPbBr;-IrO,/Ti as working electrode (WE) for two
electrode configurations under 0.0V vs. Pt/Ti counter electrode (CE). g current
response under chopped light with 0.0 V versus counter electrode, the inset figure is
for the constant potential of 0.0 V versus counter electrode and gas evolution. h Inset
picture is for monolithic device working inside of electrolyte and rstyy calculated by
evolved gas (only H, accounted). /V curves in this figure set are not iR corrected.

of STH red from operating point (2.4%) to gas evolution of 1.7% is quite
often observed for realization of full system instead of expectation
from individual components measured separately, as well as small
current density generated from system (light absorber was only
0.135 cm? big) was rather small to saturate inner space of reactor for
gas evolution evaluated by GC***. Photon wavelength dependent
response of CsPbBr3-EC till 530 nm was confirmed by IPCE at 0.0V vs.
CE (Fig. 2f). H, and O, gas evolution was tested for short term and it
showed modest ~-90% FE at 30 min of operation, which means most of
current contributes to H, generation (Fig. 2g).

Finally, monolithic device of IrO,/FTO-CsPbBr; PV-Pt/FTO with
epoxy encapsulation could be made, based on its modest ambient and
in-water stability as PV (Supplementary Fig. 24). Such functionality will
aid to fulfill integrated geometry of PV-EC device to realize monolithic
artificial leaf, as demonstrated in Fig. 2h. The device generated H, and
0O, bubble spontaneously as it was illuminated under simulated sun or
real sun (-0.5 sun intensity), with nsty of ~0.8% (if active area is set to
0.135 x 4=0.54 cm?) at beginning but sudden drop at ~180 min, indi-
cating that the stability was jeopardized not because of CsPbBr;’s
inherent instability but imperfect encapsulation (Supplementary
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Supplementary Fig. 32. Reported single light absorber—2 photons for overall water
splitting systems from ref. 6 (Al:SrTiO3-RhCrO, + CoOy, nst 0.65 %), ref. 49 (Cdot/
C3Ny, st 2.0 %), ref. 23 (INGaN-Pt + IrO,, nsty 3.4%), ref. 50. (TasNs/
NaTaO5;-RhCrOy + IrOy, nsty 0.014%), ref. 51 (Y,Ti,SOsS,-RhCrO, + IrO,, STH
0.007%), this work (SnO,/CsPbBr3/PTAA-IrO,/Ti + Pt/Ti, nsti 2.4%) (NiFeO, and Pt
on Ni foil, sty 3.0%) (NiFeO, and Pt on Ni foam, nsty 3.4%). All referred reports
demonstrated quantified gas evolution of hydrogen and oxygen.

Fig. 31). Since activity of IrO,/FTO and Pt/FTO were a lot lower than
NiFeO,/Ni and Pt/Ni, replacing them and optimizing module will
increase this value significantly.

Prospective of such device—wide band gap PSC for S2 water
splitting is bright and higher efficiency is readily achievable. Con-
sidering the reported state-of-the-art CsPbBr; solar cell achieved PCE
0f 10%, Jsc of and Vo of 1600 mV*, even though it is not tested in this
report, usage of their PV cell can achieve a lot higher nsty of 8%. If
CsPbBr; PV achieves its near maximum efficiency of PCE 12% and Voc
of 1.7V, expectable nsty is 11.5% which is above the value frequently
addressed to be criteria for practical solar hydrogen production. It is
also near the maximum sty achievable by the S2 system, calculated by
Jaramillo et al. ° and Atwater et al. ¥’.

Techno-economic analysis for solar hydrogen production via
CsPbBr;-EC
Before conducting techno-economic analysis (TEA), we made a simple
expectation of our device, 1jn CsPbBr;-Alkaline EC cell in terms of
expected PV’s and EC’s efficiency (Fig. 3) by using a simple program
provided and demonstrated by Seger et al.’®. Two major governing
factors—(1) Voc for PV and (2) overpotential for EC (rgc) cell were
picked to simulate S2 system showed that our report’s parameters—for
CsPbBr; PV, V¢ loss ~5390 mV and for EC cell, overpotential for OER
(250 mV) +HER (25mV) with 30 and 15mV/dec each (resistance
between electrode caused by membrane is ignored since current range
for operation is small, 2-5mA/cm?), with assumption that IPCE
(50% > 100%) and fill factor (FF) (65% ~> 80%) can be improved, nsty
can reach 12%. Obviously, the major drawback was the performance of
CsPbBr3, which can be improved in the near future in terms of IPCE and
FF. Also, since Halide perovskite light absorbers are easily band gap
tunable, a slight reduction of band gap from 2.3 to 2.2 eV will meet the
requirement for maximum sty of 12% easily, thus it is safe to set two
parameters for TEA—(1) base case sty of 8 % (readily achievable in lab
scale, considering efficiency reported from other literature, Supple-
mentary Table 3) and (2) maximum reachable nsty of 12%.
Theoretical maximum of S2 (st of 12%) is obviously much lower
than that of D4 (rsty of 24-28%)>”". Yet, the S2 OWS system uses less
cost for light absorber and device since 1jn is needed rather than 2jn.

Since light absorber and power generator (=solar panel for PV-EC) take
the majority of cost and energy consumption (40-70%)*, S2 has an
advantage in reducing capital cost for SOW. Therefore, we conducted a
techno-economic analysis for S2 OWS via PV-EC, to see the possibility
and potential of S2 OWS in comparison to well-known D4 OWS.

Based on the techno-economic model, the LCOH for the base case
is calculated to be 8.4$/kg (Fig. 4b), with the assumption that fsry
reaches 8.0% (Supplementary Table 6). The result indicates that elec-
trocatalyst accounts for the largest portion followed by soft BOS
(installation, contingency, engineering, land cost, and other soft BOS)
and perovskite modules. Among electrocatalyst parts, the membrane
is the crucial economic parameter and the replacement of the elec-
trocatalyst also takes up a significant portion (57.4%) of the cost. The
calculated LCOH is still relatively high compared to other hydrogen
production processes such as natural gas reforming without carbon
capture (0.5-1.7$/kg"°) and coal gasification (0.9-1.46$/kg in China*).
However, it could be cost-competitive compared to grid-connected
water electrolysis (8.81$/kg in the US*). It is also compared with other
solar-to-hydrogen production methods, however, the range of the
reported costs for hydrogen production is broad due to different
technical and economic parameters. A thorough economic compar-
ison is provided in Supplementary Information.

In addition to the base case, a sensitivity analysis is carried out to
identify the parameters that have significant impacts on LCOH with
several parameters in Supplementary Table 6. As a result of the para-
metric sensitivity analysis in Fig. 4c, the most critical parameter turns
out to be nsty followed by the capacity factor (i.e., availability of solar
energy), discount rate, and module life span. The results from the
sensitivity analysis are in line with the previous work** Along with the
maximum theoretical nsty efficiency, -20.5% cost reduction from the
base case LCOH can be achieved while LCOH can be as high as 11.3$/kg.
Note that the capacity factor corresponds to the regional variations in
solar energy and discount rate, the third impactful parameter, which is
variable depending on a target system and those who conduct eco-
nomic analysis. Therefore, the main systematic characteristics (7sth
and life span) are further investigated to quantify their impacts in
terms of the economy with a broader range. As presented in Fig. 4d, a
rapid cost reduction is observed as nsty increases. When nsty becomes
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double (6%) and three-fold (9%) from 3%, a cost reduction of 12.6 and
16.5$/kg is acquired, respectively. In addition, an LCOH of 5.5$/kg can
be accomplished at the theoretically maximum nsty (~<12%). Similarly,
the maximum life span can reduce the base LCOH to 7.9$/kg corre-
sponding to a cost reduction of 26.8% and 6.4% compared to the life
span of 10 years and 20 years, respectively (Fig. 4e). In conclusion, the
result indicates the room for improvement in terms of economic
performance is greater for how efficiently the system converts solar
energy to hydrogen, although both technical parameters are crucial
for competitive environmentally favorable hydrogen production.

To validate hydrogen production cost using the S2 system pro-
posed in this work, LCOH in the previous research works is compared
with the TEA result. As presented in Fig. 4f, the higher the nsty, the
lower LCOH is observed in general. In addition, one of the promising
solar energy-based hydrogen production technologies, photovoltaic
connected to water electrolyzer, shows lower LCOH compared to
hydrogen production using a PEC system because of the affordable
cost of commercial Si-based photovoltaic and electrolyzer stack that
has been continuously decreasing. Since LCOH is calculated through
TEA with several different technical and economic parameters, an
apple-to-apple comparison is not practically feasible so the parameters
are presented in the Supplementary Table 9.

At a similar nsty efficiency, the result of LCOH in this study
(8.4%/kg) is lower than the one reported in ref. 44 because the lower PV
module price is assumed to reflect the benefit of single junction PV
while dual light absorber is assumed in ref. 44 and others are similar in
terms of cost. Compared to another work®, the results of calculated
LCOH are the same (8.4$/kg with nsty 8.0% in the base case, 5.5$/kg
with stH 12.0% in the best case) although the PEC module price in the
reference (153.71$/m?) seems much greater than PV-EC in this study
(40.0$/m?). This is because the PEC module cost of 153.71$/m? includes
electrocatalysts, membrane, and wiring. The corresponding value in
this study is 133.98$/m? which is not much lower and the result seems
reasonable.

Discussion

We demonstrated a single junction PV-EC with CsPbBr; (Eg~2.3 eV)
solar cell, which achieved a Vi larger than 1600 mV enough voltage
for electrochemical overall water splitting. Currently achieved effi-
ciency are-3.4-3.0% for NiFeO,~Pt and 2.4% for IrO,—Pt for alkaline
electrolyzers. For H, and O, gas evolution confirmed, STH of 1.7% was
achieved from this work. Even though overall nsty is very low com-
pared to multi-junction or parallel connected PV-EC systems, our work
presents an interesting perspective for the scenario of solar overall
water splitting that requires only 1jn photovoltaic cell. TEA and
expectation of theoretically achievable nsty of -12% showed its pro-
mising future to have LCOH of 5.5$/kg, which would be commercialize
if efficiency and stability of CsPbBr; PV is improved, which should
happen in near future considering good progress made for wide band
gap perovskite solar cell using CsPbBr; or MAPbBr; PV cells that PCE
exceeding 11% were presented by group.

Methods

Materials for n-i-p CsPbBr; solar cells

Rubidium bromide (RbBr, 99.6%), cesium bromide (CsBr, 99.999%),
lithium carbonate (Li,CO3;, 99.99%), sodium carbonate (Na,COs,
99.999%), potassium carbonate (K,COs, 99.99%), rubidium carbonate
(Rb,CO3, 99.8%), cesium carbonate (Cs,COs3, 99.9%), titanium diiso-
propoxide bis(acetylacetonate) (75 wt% in isopropanol), lead chloride
(PbCl,, 99.999%), methanol (anhydrous, 99.8%), N,N-dimethylforma-
mide (DMF, anhydrous, 99.8%), dimethyl sulfoxide (DMSO, anhydrous,
>99.9%) and toluene (anhydrous, 99.8%) were purchased from Sigma-
Aldrich. Lead bromide (PbBr,, >98.0%) was purchased from the Tokyo
Chemical Industry. Methylammonium bromide (MABr, >99.99%) was
purchased from Greatcell Solar. Colloidal tin(IV) oxide (SnO, colloidal

dispersion, 15% in H,O) was purchased from Alfa Aesar. Poly[bis(4-
phenyl)(2,4,6-trimethylphenyl)amine] (PTAA) and F4-TCNQ were
purchased from Jilin OLED. Molybdenum(VI) oxide (MoO3, 299.5%)
was purchased from Daejung Chemicals & Metals.

Fabrication of solar cells

Fluorine-doped tin oxide (FTO) glasses (TEC7, Pilkington) were
cleaned with deionized water, acetone, and isopropyl alcohol
sequentially by an ultrasonic cleaner. For the compact TiO, layer, the
FTO glasses were placed on a hot plate and heated to 450°C. The
¢-TiO, layer was deposited by spray pyrolysis method with 20 mL of a
titanium diisopropoxide bis(acetylacetonate)/ethanol (1:10 v/v) solu-
tion. After the spray pyrolysis, the hot plate with the substrates was
maintained at 450 °C for 1h and then cooled down to room tem-
perature. The prepared c-TiO, substrates were cleaned by UV-O;
treatment and the SnO, layer was deposited by spin-coating at
3000 rpm with SnO, colloidal dispersion diluted to 1.70 wt%. The
Sn0,-coated substrates were annealed at 150 °C for 20 min. The Li,CO5
solution was prepared by dissolving 5.17 mg of Li,CO3z in 1mL of
deionized water. The Li,CO; solution was spin-coated on the SnO,
surface at 3000 rpm and annealed at 300 °C for 5 min. After annealing,
UV-0; treatment was performed on the Li,COs-coated surface. For the
deposition of the CsPbBr3 perovskite layer, a multi-step deposition
method was used. BX, solution with 1.0 mmol PbBr, and 0.09 mmol
RbBr in 1mL DMF/DMSO (9:1v/v) mixture and AX solution with
0.07 mmol CsBr in 1 mL methanol were prepared. Prior to depositing a
complete perovskite layer, the BX, solution was spin-coated at 2000
rpm and annealed at 90 °C for 20 min. Then, the AX solution was spin-
coated 7 times, and each time was followed by annealing at 300 °C for
5min. After the deposition of perovskite film, all substrates were
transferred into an N,-filled glove box. 15 mg/mL of PTAA with 1 wt% of
FATCNQ in toluene solution was spin-coated on a perovskite layer and
annealed at 100 °C for 10 min. Finally, MoO3 (5 nm) and Au (60 nm)
were sequentially deposited by thermal evaporation.

Characterization of solar cells

The current density-voltage (/-V) characterizations of the devices
were measured by a Keithley 2635A Source Measure Unit under AM
1.5 G with an intensity of 100 mW cm in an N,-filled glove box. The
area of the device was 0.135 cm? PV measurement QE system was used
to measure incident photon to current efficiency (IPCE) under ambient
conditions. A xenon arc lamp was used as the source of monochro-
matic light. Transient photovoltage (TPV) and transient photocurrent
(TPC) measurements were conducted using McScience T4000 at
open-circuit conditions and short-circuit conditions, respectively,
under 1 sun illumination. Photoluminescence measurement was per-
formed by Cary Eclipse (Varian) with 350 nm of excitation source. For
the in-water stability measurement, the devices were encapsulated by
glass sealed with epoxy resin and then soaked into a beaker filled
with water.

Perovskite film characterization

The CsPbBr; perovskite films were fabricated on the top of glasses by
the multi-step deposition method as mentioned in “Device fabrication”
section. Scanning electron microscope (SEM) images of perovskite
solar cells were obtained by using a Hitachi High-Technology S-4800.
The X-ray diffraction (XRD) pattern was characterized by using a
Bruker D8 Advance diffractometer with Cu Ka radiation
(1=0.1542 nm) as the X-ray source. UV-visible absorption spectrum
was taken by using a Varian Cary 5000 spectrophotometer. Ultraviolet
photoelectron spectroscopy (UPS) was performed using ESCALAB
250XI equipment.

Preparation of substrates. FTO, Ti foil, Ni foil, and Ni foam were used
as substrates for electrocatalysts in this work. FTO (TEC7, Pilkington)
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was used after cleaning it with Helmanex soap water, DI water, Acet-
one, and Ethanol. For Ti foil (99.99%, Sigma Aldrich), was etched with
1M oxalic acid (99.0%, Sigma Aldrich) for 1h, 80 °C as the following
protocol for removing surface oxide®. For Ni foil (99.98%, Sigma
Aldrich) and Ni foam (99.5%, Invisible Inc.), the metal substrate was
dipped in 0.1 M HCI (Samchun, 1.0 M of HC1 99.5% and diluted to 0.1 M)
for 30 min prior to usage. Unless it is noted, the default size of the
metal substrate was 1.0 cm x 1.0 cm.

Fabrication of IrOx/Ti film. IrO, was deposited on Ti foil, method was
based on literature*. Sodium hexachloroiridate hexahydrate
(ClglrNay-6H,0, 99.9%, Sigma Aldrich) was used as received. 27 mg of
the precursor was dissolved in acetyl acetone (>99.5%, Kanto chemical)
(10 ml). 10 pl of the precursor solution was dropped on as prepared Ti
foil with the size of 1.0cmx 1.0 cm and dried in an ambient atmo-
sphere, and finally put into 80 °C oven for full dryness. After 10 min,
coated Ti foil was calcined at 500 °C for 20 min.

Fabrication of Pt/Ti film. Platinum(ll) acetylacetonate (Pt(CsH,0,),,
97.0%, Sigma Aldrich) was used as received. 57 mg of the precursor
was dissolved in acetylacetone (15 ml). 10 ul of the precursor solution
was dropped on as prepared Ti foil with the size of 1.0cm x1.0 cm
and dried in an ambient atmosphere, and finally put into an 80 °C
oven for full dryness. After 10 min, coated Ti foil was calcined at
500 °C for 20 min.

Fabrication of Pt/Ni foil and foam. Pt was deposited on the Ni foam
or Ni foil by spontaneous galvanic displacement” with a small
modification. 100 pL of H,PtCle (8 wt% in DI water, Sigma Aldrich,
8 wt%) was added into 45 ml of 0.01 M HClI solution (Samchun, 1.0 M
of HC1 99.5% and diluted to 0.01 M). And as prepared Ni foil or foam
was dipped into the solution with mild stirring. The surface of Ni
metal became black as an indicator of the Galvanic exchange of Ni/Pt
(2Ni(s) +Pt** — Pt(s) +2Ni®*). After the dipping process, the sub-
strate was taken out and washed with DI water, and ethanol in
sequent.

Fabrication of NiFeO,/Ni foil or Ni foam. NiFe oxyhydroxide (or
shortly noted as NiFeO,) was deposited by using anodic oxidation of
cation in bicarbonate electrolyte with some modifications*®. For solu-
tion, 40 mg of FeSO47H,0 (299%; Sigma Aldrich) and 40 mg of
NiSO,4-6H,0 (99%; Sigma Aldrich) were put in a glass bottle and 200 ml
of 0.5 MKHCO; (99.7%, Sigma Aldrich) (pH of 8.3) was put in, resulting
in a transparent and yellow solution. The existence of bicarbonate
anion deters premature oxidation of Fe?* ion to iron hydroxide pre-
cipitation (which looks like orange-colored dust-like particles). For
deposition, /V curve with a bias range of 1.0-1.6 V vs. Ag/AgCl (without
pretreatment) was applied (observed current range: 1-5mA per
1.0 cm?) 20 times, with 100 mV/s scan rate. After repeating /V curve, the
surface of Ni metal becomes a slight orange-dark color.

Preparation of CsPbBr;-IrO,/Pt artificial leaf. FTO was used instead
of Ti foil for making anodic and cathodic parts connected to the CsPbBr;
cell. The aforementioned CsPbBr; solar cell with 4 x 0.135 = 0.54 cm? was
connected to an anode and cathode with a geometric area of 0.25 cm?
After a conductive connection was made for both parts, epoxy was
applied to prevent the electrolyte from getting into the solar cell.

Characterization of the electrodes. XRD was measured using
PW3040/60 X'pert PRO, PANalytical with Cu Ko (0.154045 nm) radia-
tion at 40kV and 30 mA. High-resolution scanning electron micro-
scopy (HRSEM, Hitach, SU-8220), and scanning transmission electron
microscopy (STEM, JEOL, JEM-2100F) were analyzed to observe the
morphology and interface of the materials. Energy dispersive X-ray
spectroscopy (EDS) was conducted to confirm the atom composition.

Focused ion beam (Helios 450HP FIB, operated at 30 kV) cutting was
conducted to see a cross-sectional inner view by STEM and EDS ana-
lysis. Ultraviolet-visible absorbance was measured with a UV-vis
spectrometer (UV-2401 PC, Shimadzu). For X-ray (XPS) and UV pho-
toelectron spectroscopy (UPS) (Thermo Fisher), a monochromatic Al
Ko X-ray source was used.

Electrochemical measurements. Electrochemical and photovoltaic
cell-assisted electrochemical cell analysis was conducted using two
different modes—three-electrode cell Ag/AgCl (3.0 M NaCl) (BASI, MF-
2052) and a Pt mesh wire as reference and counter electrodes, and two
electrode cell with a specific configuration, respectively. Potentiostat
(Ivium Technologies, A08013) was used for the measurement of three
and two-electrode systems. An electrolyte of 1.0 M KOH (Samchun,
99.5%, pH 13.6) was used unless it was specified individually. For the
light source, simulated 1 sun illumination (100 mW cm™) generated by
a solar simulator (Oriel, Newport 91160) with an AM 1.5G filter. All
potentials vs. the Ag/AgClI reference electrode were converted to the
reversible hydrogen electrode (RHE) scale using the Nernst equation;

Eprie =Epgjpagci +0.059pH +E ftg/Agcl

where Epg poci is the experimental potential vs. Ag/AgCl reference
electrode, and Egg e is 01976V at 25°C. Ag/AgCl reference elec-
trode against Hg/HgO reference electrode (1.0M NaOH) (ALS, RE-
61AP) and measurement with Pt metal as Hydrogen evolution reaction,
the value for E(Ag/AgCl)° was near 0.1976 V and Hg/HgO was near
0.118V as described in product catalogs (Supplementary Fig. 33).
Measurement of PV-EC system is conducted with the same way as
electrocatalysts but with simulated 1 sun illumination, the configura-
tion is depicted in (Supplementary Fig. 34). All of IV curves for (photo)
electrochemical cell presented in this work is not iR corrected.

Incident photon to electron conversion efficiency (IPCE) for PV-EC
system was measured with an Xe lamp as a light source (Oriel, Newport
66905, 300 W) and a monochromator (Oriel, Newport 74004) oper-
ating in the wavelength range from 300 to 650 nm controlled by a
power meter (Oriel, Newport 1936-R). Band width of the photon
wavelength provided was 10 nm. Current generated from PV-EC was
measured under 0.0V versus counter electrode and converted into
current density by using the active area of PV with mask and converted
to IPCE by the following formula:

1240 x J(mA cm=2)

IPCE =
Pligne (MW cm=2) x \(nm)

where J is the measured photocurrent density using a mono-
chromator, Py, is the calibrated illumination power of specific
wavelength and A is the wavelength of the incident light.

On-line gas product analysis. Gas evolution experiment was con-
ducted using a custom gas-tight electrochemical cell reactor (50 mL
volume, 30 mL electrolyte + 20 mL head space) without a membrane.
The reactor was purged with high purity Ar gas (99.999%, institute
supply from UNIST) for 60 min prior to application of potential. Gas
generated under applied potential was quantified by a gas chromato-
graph (Agilent, GC 6890) with a packed column (Supelco, Carboxen
1000) and a thermal conductivity detector (TCD). High-purity Ar gas
(99.999%, institute supply from UNIST) was used as a carrier gas, and
the cell was analyzed with an Ar flow rate of 10 sccm.

Estimation of Levelized cost of hydrogen. To evaluate the economic
performance of the system for solar energy-based hydrogen produc-
tion, the Levelized cost of hydrogen (LCOH) is estimated based on
techno-economic analysis (TEA). As shown in Fig. 4a, the LCOH of the
system is estimated based on the three-step costing strategy: (1)
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module level, (2) system level, and (3) parametric sensitivity analysis. In
the first step, the cost range of the single junction perovskite solar cell
proposed in this study is verified based on previously reported works.
In the system-level estimation, components for the system are identi-
fied first. The components for one-step solar-based hydrogen pro-
duction utilizing the proposed system are perovskite modules,
electrocatalysts, and balance-of-system (BOS) such as structural
materials, wiring, water, and gas processing units. Besides the capital
expenditure, operation and maintenance (O&M) costs including labor
costs and an alkaline solution are also considered. The detailed nor-
malized costs ($/m?) of each system component are provided in Sup-
plementary Table 6. Confirming overall components and system cost,
the LCOH of the system is calculated based on the equation

n  (Invest, +0nM,)
Zt=l 1+r)f

LCOH($/kg) = R
-1y

where Invest, is the initial investment (§) in year ¢, OnM, is the
operation and maintenance expenditure ($) in year ¢, P, is the annual
production of hydrogen (kg/yr) in year ¢, ris the discount rate in %, and
n is the life span of the system. Techno-economic parameters applied
in this study are presented in Supplementary Table 5.

Data availability
All the relevant data are available from the corresponding authors
upon reasonable request. Source data are provided with this paper.
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